Introduction
Type 1 diabetes is a T cell-mediated autoimmune disease leading to the destruction of insulin-producing ␤ cells in the pancreatic islets of Langerhans. Genetic risk factors predispose and environmental factors modify the risk of developing type 1 diabetes [1] . There are several suggestions that antigen exposure in the gut and through diet may modify the risk of type 1 diabetes [2] . A gut mucosal site of immunization is feasible, since it was shown that there is preferential trafficking of immune cells and antigens from the gastrointestinal tract to the pancreatic lymph nodes [3] . Studies in nonobese diabetic (NOD) mice show that diabetes can be delayed by dietary modifications that include hydrolyzed cow's milk [4] [5] [6] or deprivation of wheat [7] [8] [9] . These effects are most prominent after weaning [8] , suggesting that very early life events such as the introduction of new food components are relevant in modifying type 1 diabetes risk.
Food introduction into the human diet varies between countries and ethnicity, but general principles are exclusively breast milk or formula feeding during the first 4-6 months of life, with solid foods such as cereal, vegetables and fruit being introduced between 17 and 26 weeks of age. Whole cow's milk is not recommended until after 12 months of age, and gluten should be gradually introduced between 4 and 7 months of age [10] . Here we tested the effects of introducing single foods encountered in the early infant diet on diabetes development in the NOD mouse.
Research Design and Methods
Animals NOD mice were originally obtained from Taconics (Germantown, N.Y., USA) and the colony established at the Diabetes Research Institute Munich. The animals were kept under specific pathogen-free conditions and all experiments were performed using the principles of animal care (NIH publication No. 85-23, revised 1996) and following the national laws on Protection of Animals.
Diets
Three sets of diets were prepared to (1) establish a low-diabetogenic diet, (2) investigate the effects of wheat proteins and (3) investigate the diabetogenic effects of foods introduced into infant diets.
To obtain a simple low-diabetogenic basal diet, 3 diets were developed with the purpose to assemble standardized, isocaloric and isonitrogenic diets in cooperation with the Institute of Animal Nutrition and Nutritional Physiology, University Giessen ( table 1 ). All 3 diets had a protein content of 15.5-16% and extracted soybean meal (Raiffeisen, Langgöns, Germany) and soybean oil (Heidenreich, Mannheim, Germany) as the common protein source. The other 3 experimental protein sources were shredded summer wheat (whole grain; regional provenance, Hesse, Germany) and whole bovine casein (Meggle, Wasserburg, Germany) in diet A, whole bovine casein (Meggle) in diet B and poultry meal (Josera, Kleinheubach, Germany) in diet C. Effects of soluble dietary fiber on lipid metabolism and an enhancement of glucose homeostasis and insulin action have been described [11] . Varying amounts of cellulose were added to diets in order to have approximately 5% fiber content ( table 1 ) . The ingredients of the diets were otherwise identical; vitamins (DSM, Sittard, Netherlands) and minerals (Sigma-Aldrich, Deisenhofen, Germany) were administered in amounts recommended by the National Research Council [12] . The reference diet used was Altromin 1324 (Altromin GmbH & Co. KG, Lage, Germany; termed diet D) which contains various other protein sources (wheat, wheat bran, wheat middling, soy, barley, corn, fish meal, whey and lupine ; table 1 ) .
To further analyze the influence of wheat protein fractions and wheat protein amounts on diabetes development, 4 additional modifications of diet C (soy and poultry protein) were prepared by including 5% purified wheat gluten (Sigma-Aldrich), or 5, 10 or 30% of whole wheat, respectively. In addition, the albumin/ globulin fraction of wheat was extracted from wheat flour type 550 [13] [14] [15] , analyzed for purity by gel electrophoresis and for protein content by BCA Protein Assay Kit (Thermo Fisher Scientific Inc., Rockford, Ill., USA; data not shown), and included as a diet additive in some mice by adding it to the drinking water in amounts corresponding to a 30% wheat diet.
To determine the influence of food components that are commonly introduced into German infant's diet very early in life, further variations of diet C (soy and poultry protein) were developed by adding 5% of whole dried and grounded apple, carrot, potato or corn.
All diets were pelleted and stored in aliquots at -20 ° C. Diet pellets were changed twice weekly and mice had access to diet pellets and water ad libitum.
Dietary Intervention Protocols
Two protocols were followed ( fig. 1 ). In protocol A, 5 breeding pairs were fed diet B (soy protein and casein) continuously during mating, gestation and nursing ( fig. 1 a) . At 3 weeks of age, the female offspring were litter match randomized into 3 experimental groups and fed the following dietary protocols: group 1 continued with diet B (soy protein and casein), group 2 was fed diet A (soy protein, casein and whole wheat protein) and group 3 received diet D (Altromin 1324). For diet C, 3 breeding pairs were fed diet C (soy and poultry protein) continuously during mating, gestation and nursing. At 3 weeks of age, female offspring from those breeding pairs were assigned to 1 group, continuing on diet C (soy and poultry protein; fig. 1 a) .
Protocol B is divided into 2 experimental parts to investigate the diabetogenic effects of wheat proteins and early infant dietary components. For both subgroups, 1 control group, derived from the breeding pairs of protocol B1 and remaining on basal diet C without supplements, was used. In protocol B1, 8 breeding pairs were fed diet C (soy and poultry protein) continuously during mating, gestation and nursing ( fig. 1 b) . At 3 weeks of age the female offspring were litter match randomized into 5 experimental groups and fed the following dietary protocols: group 1 was fed diet C supplemented with 5% purified wheat gluten, group 2 received diet C supplemented with 30% whole wheat, group 3 was fed diet C supplemented with 10% whole wheat and group 4 received diet C supplemented with 5% whole wheat. Group 5 was fed diet C and received the wheat albumin and globulin fraction via their drinking water. In protocol B2, 6 breeding pairs were fed diet C (soy and poultry protein) continuously during mating, gestation and nursing ( fig. 1 b) . At 3 weeks of age the female offspring was litter matched randomized into 4 experimental groups and fed the following dietary protocols: group 1 was fed diet C supplemented with 5% whole potato, group 2 received diet C supplemented with 5% whole corn, group 3 was fed diet C supplemented with 5% whole carrot and group 4 received diet C supplemented with 5% whole apple. l Roquette, Lestrem, France. * In diet A, the cellulose content was reduced, considering the fiber content of shredded wheat. ** In the variations of diet C containing 5% wheat, 10% wheat or 30% wheat, the cellulose content was successively reduced to 45, 40 and 35 g/kg, respectively. In the variations of diet C containing 5% potato, corn, carrot or apple, the cellulose content was reduced to 40 g/kg considering the natural fiber content of these products.
*** Varying amounts of soybean meal, barley, corn, fish meal, whey and lupin meal. **** The total carbohydrate content of the Altromin diet 1324 is dependent on the complexity of the natural diet ingredients and is therefore variable. From the batches of Altromin diet 1324 used for this study the total carbohydrate content is not available.
Follow-Up of Mice
All female offspring included into the experimental groups were followed until diabetes onset or the age of 36 weeks. The daily food intake was determined by measurement of food consumption between 3 and 17 weeks of age in each intervention group. The body weight gain of all treated female offspring was determined by weight measurement at 3 and 10 weeks of age. Urine glucose levels were measured twice per week using urine glucose sticks (Glucetur Test; Boehringer Mannheim, Mannheim, Germany) beginning at 10 weeks of age. Mice were considered to be diabetic after 2 consecutive urine glucose values 1 5.5 mmol/l and blood glucose levels above 13.9 mmol/l (Glucometer Elite; Bayer Diagnostics GmbH, Munich, Germany). For blood glucose measurements blood was drawn from the tail vein. At 10 weeks of age blood was taken from the eye vein (plexus venorum retroorbitalis) for the measurement of insulin antibodies.
Insulin Autoantibodies
Antibodies to insulin were detected using a radiobinding assay as previously described [16] . The upper limit of normal was determined from the 99th centile values obtained in sera from BALB/c and C57BL/6 female mice and corresponded to 6 1.3 local units. The assay is represented as laboratory B in the animal models of diabetes workshop [17] . All measurements were performed on coded samples that were operator blinded.
Statistical Analysis
Diabetes-free survivals in the experimental groups were assessed by Kaplan-Meier analysis and comparisons between groups were calculated using the log-rank test. The Mann-Whitney U test was used to compare insulin antibody levels and the least significant difference test was used to compare the average daily energy intake between treatment groups. Two-tailed p ! 0.05 were considered significant. For all statistical methods, the Statistical Package for Social Sciences (SPSS 16.0; SPSS Inc., Chicago, Ill., USA) was used.
Results

Daily Nutrient Intake and Weight Gain
The individual dietary modifications fed to the breeding pairs during mating, gestation and nursing resulted in very similar body weights of the female offspring di- rectly after weaning. The average weight of mice in the groups was 7.1-8.5 g per mouse at age 3 weeks and 19.5-22.9 g per mouse at age 10 weeks. The experimental dietary groups did not vary in their average daily food intake (2.5-2.7 g per mouse) and energy intake (7.7-8.2 kcal per mouse; data at 10 weeks of age shown in table 2 ). Although the reference diet D used in dietary intervention protocol A had a lower content of metabolizable energy (2,500 kcal/kg; table 1 ), the average daily food (3.5 g per mouse) and energy intake (8.8 kcal per mouse; data at 10 weeks of age shown in table 2 ) are increased.
Identification of a Low-Diabetogenic Diet
Mice were bred, weaned and distributed to the different intervention groups according to dietary intervention protocol A ( fig. 1 a) . For all 3 diets, around 80% of female NOD mice developed diabetes by age 36 weeks ( table 3 ) . There were, however, significant differences in the rate of diabetes development ( fig. 2 a) . Diabetes rate was fastest in mice that received wheat protein containing diets A (soy protein, whole wheat protein and casein; 75% diabetes by age 25 weeks) and D (Altromin 1324; 67% by age 25 weeks). In comparison, mice that received the wheatand casein-free diet C (soy and poultry protein) had a significantly delayed onset of diabetes by 25 weeks of age (38% diabetes; p = 0.046 vs. diet A). Mice that received the wheat-free but casein-containing diet B (soy protein and casein) had an intermediate rate of diabetes development (50% at 25 weeks of age). Diet C was therefore selected as the basal low-diabetogenic diet for the subsequent experiments.
Diabetogenic Effects of Wheat Additives
Mice were bred, weaned and distributed to the different experimental groups according to protocol B1 ( fig. 1 b) . Diabetes development in mice fed the basal diet C (36% by age 25 weeks) was very similar to that observed in mice from protocol A (38% by age 25 weeks). An increased rate of diabetes was observed in mice receiving diet C plus 5% wheat protein (71% diabetic animals at 25 weeks of age, p = 0.023; fig. 2 b) . However, mice receiving 30% wheat supplement did not show an accelerated diabetes development (38% at 25 weeks of age) and mice receiving 10% wheat supplement had an intermediate diabetes development rate (54% by age 25 weeks). The addition of wheat gluten or wheat albumins and globulins -amounts adjusted to 30% wheat content -to basal diet C did not increase the diabetes rate (31% by age 25 weeks for the diet C plus 5% gluten fed mice and 29% by age 25 weeks for the diet C plus wheat albumins and globulins fed mice; fig. 2 c) . The increased rate of diabetes observed in mice receiving diet C plus 5% wheat protein remained increased until the end of the observation period at 36 weeks of age (79% diabetic mice) in comparison to mice receiving diet C plus 30% wheat protein (38% diabetic mice; p = 0.031; table 3 ). No significantly different diabetes rates at 36 weeks of age were detectable for the other treatment groups of intervention protocol B1 ( table 3 ) .
Diabetogenic Effects of Early Infant Dietary Components
Mice were bred, weaned and distributed to the different experimental groups according to protocol B2 ( fig. 1 b) . Diets were supplemented with 5% of selected foods encountered in infant diet. Compared to the control group that was fed the basal diet C, all of these food supplements resulted in slight to moderate acceleration of diabetes de- velopment when they were introduced after weaning ( fig. 2 d) . In particular, mice receiving diet C plus 5% corn had a significantly earlier onset of diabetes with 50% of diabetic mice before 18 weeks of age (57% at age 25 weeks; p = 0.05 vs. basal diet C). At the end of the observation period, no significant differences in the diabetes rates were detectable between the treatment groups of intervention protocol B2 ( table 3 ) . Figure 3 summarizes the effects of the different diets on the rate of diabetes development. The most consistent finding was a faster diabetes rate in mice that received diets containing unfractionated cereal proteins (wheat or corn), albeit with exceptions (diet C supplemented with 30% wheat proteins).
Insulin Autoantibodies
None of the experimental diets affected the prevalence or titer of insulin autoantibodies at 10 weeks of age in the treated mice ( fig. 4 ).
Discussion
We have investigated the effects of early dietary food supplements on the rate of diabetes development in the NOD mouse using controlled conditions. The findings show little effects on overall diabetes incidence and mild to moderate increases in diabetes rate when cereal food supplements are added to a basal calorie-controlled diet. The increased rates were not associated with any single food supplement and for wheat appeared to be dose dependent.
The relative strength of this study is that experimental diets and conditions were controlled with respect to diet protein, fat and carbohydrate content as well as energy intake. To achieve this, we relied on noncommercial sources of mouse feed since commercial sources were found to have numerous components and were inconsistent from batch to batch. All diets were prepared in one institute. In order to obtain a low-diabetogenic diet, both casein and wheat sources of protein were eliminated. Elimination of only wheat was only partially effective in reducing diabetes rate. The findings with respect to wheat and casein as potentially diabetogenic in the NOD mouse have been previously reported [4] [5] [6] [7] [8] [9] [18] [19] [20] [21] . The relatively slow diabetes rate (around 37% by age 25 weeks) observed when the source of protein was limited to soy and poultry was reproducible in 2 trials in our experiments, suggesting that the finding is bona fide. Thus, we recommend such a diet for future studies in which conditions that increase diabetogenicity in the NOD mouse are investigated.
Using the low-diabetogenicity diet, we were able to investigate the effects of single food source supplements on diabetes development. The results were not entirely confirmatory of previous findings. We and others had previously shown a marked decrease in diabetes incidence when wheat and barley were removed from the diet of NOD mice [8, 9, 18] . We could not entirely reproduce this effect in the current series of experiments under controlled dietary conditions. Certainly the absence of wheat contributed to low diabetogenicity, but adding wheat proteins as a supplement to a low-diabetogenic, wheat-free diet increased diabetes rate only when low concentrations (5% weight/weight) were used and not at all when 30% of the diet ingredients were wheat derived. Since previous effects were observed by removal of wheat from complex diets such as Altromin 1324 which contains 30% wheat source (and was shown to be a high-diabetogenic diet again in the current series of experiments), it is likely that diabetogenic effects of wheat are complex and vary de- pending upon other components of the diet. It should also be noted that the addition of any single wheat component at a concentration corresponding to 30% whole wheat did not increase diabetes rate. Finally, a dose-dependent effect whereby only low concentrations are diabetogenic could be explained by tolerogenic effects of high antigen concentration and the possibility that wheat also has components [22] that have antidiabetic properties. These include unsaturated fatty acids and vitamin E, which have been suggested to delay diabetes onset [23] , as well as large amounts of phytic acid (up to 1,100 mg/ 100 g in wheat). Studies in rodent models as well as in humans indicate that phytic acid leads to a clear reduction of postprandial blood glucose levels [24] [25] [26] . Therefore, a decreased requirement for postprandial insulin secretion might preserve the pancreatic ␤ cells which could delay the diabetes onset in prediabetic NOD mice. The addition of foods other than wheat was variable in its effects on diabetes development, but generally increased the rate without affecting overall incidence. The strongest effect was observed when 5% corn was added. Together with the finding that 5% wheat was also diabetogenic, it is tempting to conclude that cereals are generally diabetogenic at certain concentrations. The dose dependency of corn and other cereals requires further investigation. The mechanism of the effects of cereals is not clear. Sequence homologies have been described for the wheat storage protein Glb1 and tight junction proteins which are involved into the permeability control of intestinal epithelium [27] . Of interest, similar sequence homologies are present for Glb1 protein from corn. Little or no effect on diabetes development was observed when potato, apple and carrot were added to the low-diabetogenicity diet. The absence of an effect on diabetes when dried whole unpeeled potato was added to the diet is inconsistent with a former study describing diabetogenicity of bacterial toxins on the potato peel [28] . Finally, none of the diets affected the development of insulin autoantibodies. In previous NOD studies, we have seen a relationship of insulin autoantibodies with diabetes incidence also in relation to wheat exposure [8] . For the current study, the differences in diabetes development at 25 weeks of age may not be sufficiently marked to see an effect at the level of insulin autoantibodies with the number of mice used.
In conclusion, diabetes development in the NOD mouse is influenced by dietary modifications. Using single foods as supplements to a low-diabetogenic casein and wheat-free diet, diabetogenic effects were observed for cereals, but were relatively mild compared to previous findings. In addition, there was a suggestion that the dose of the cereal supplement could be important for diabetogenicity, with greatest effects seen at low cereal dose.
